Background: Proper spindle assembly and chromosome segregation rely on precise microtubule dynamics, which are governed in part by the kinesin-13 MCAK. MCAK microtubule depolymerization activity is inhibited by Aurora B-dependent phosphorylation, but the mechanism of this inhibition is not understood. Results: Here, we develop the first Fö rster resonance energy transfer (FRET)-based biosensor for MCAK and show that MCAK in solution exists in a closed conformation mediated by an interaction between the C-terminal domain (CT) and the neck. Using fluorescence lifetime imaging (FLIM) we show that MCAK bound to microtubule ends is closed relative to MCAK associated with the microtubule lattice. Aurora B phosphorylation at S196 in the neck opens MCAK conformation and diminishes the interaction between the CT and the neck. Using FLIM and TIRF imaging, we find that changes in MCAK conformation are associated with a decrease in MCAK affinity for the microtubule. Conclusions: Unlike motile kinesins, which are open when doing work, the high-affinity binding state for microtubule-depolymerizing kinesins is in a closed conformation. Phosphorylation switches MCAK conformation, which inhibits its ability to interact with microtubules and reduces its microtubule depolymerization activity. This work shows that the conformational model proposed for regulating kinesin activity is not universal and that microtubule-depolymerizing kinesins utilize a distinct conformational mode to regulate affinity for the microtubule, thus controlling their catalytic efficiency. Furthermore, our work provides a mechanism by which the robust microtubule depolymerization activity of kinesin-13s can be rapidly modulated to control cellular microtubule dynamics.
Introduction
Cells use the microtubule (MT) cytoskeleton, a highly organized dynamic array of polymers, for organelle transport during interphase and for the alignment and segregation of chromosomes during mitosis. MTs within cells have highly regulated dynamics due to the action of both MT-stabilizing and -destabilizing proteins. Of particular interest are members of the kinesin-13 family, which play diverse roles during mitosis, including spindle assembly, error correction, and chromosome segregation (reviewed in [1] ). Kinesin-13s are regulated in space and time through phosphorylation and protein-protein interactions. How MCAK phosphorylation affects its subcellular localization has been extensively studied [2] [3] [4] [5] [6] [7] , but how MCAK phosphorylation affects its catalytic cycle is not understood. For most motile kinesins, their catalytic cycle is regulated to ensure that they only hydrolyze ATP when tightly bound to the MT. MT binding is prevented because the kinesin tail domain folds over, interacts with the motor domain, and inhibits its ATPase activity [8] [9] [10] . This creates a conformational model for regulation in which kinesins exist in a closed, autoinhibited state in solution but are activated by cargo binding to allow tight coupling to ATPase activity [11] . This type of conformational regulation has been found for multiple kinesins [12] [13] [14] [15] and is becoming widely accepted as the universal model for how kinesin activity is controlled.
MCAK is unique from most other kinesins in that it does not use directed motility to associate with MT ends. MCAK can bind to MT ends directly from solution and with high affinity [16, 17] or by rapid 1D diffusion on the MT lattice [18] . Once at the end, it induces a conformational change in the MT lattice, which causes peeled MT protofilaments, resulting in MT depolymerization [16] . While the MT lattice can stimulate the ATPase activity of MCAK [19] , maximal stimulation is achieved by MT ends [17, 20] , demonstrating that the MT ends are key to the catalytic mechanism of MCAK. Indeed, the basal ATPase activity of MCAK is very low and is stimulated both by MTs and tubulin dimers [17, 19, 21, 22] . The MCAK catalytic cycle is also distinct from kinesins in that ATP hydrolysis rather than product release is the rate-limiting step [20] . Together, these findings support the idea that the mechanisms of catalytic control for kinesins may not in fact be universally conserved.
In addition to the functional differences between MT-depolymerizing and MT-translocating kinesins, the structural organization of kinesin-13 domains is also distinct. MCAK has a centrally located catalytic domain that contains the conserved kinesin MT and ATP binding domains. The N-terminal domain (NT) is dispensable for in vitro MT depolymerization activity [23, 24] and is necessary for subcellular targeting. The positively charged neck is critical for efficient MT depolymerization activity and for MT end targeting [23] [24] [25] by modulating the on rate of MCAK to the MT lattice [26] . Structurally, the distal half of the neck is predicted to form a coiled coil, which is not ordered in the human or mouse structures [27] . S196, the major site of Aurora B phosphoregulation, is located within this predicted coiled coil near a cluster of positive charges. The C-terminal domain (CT) of MCAK contains the dimerization domain [21, 24] and contributes to plus tip tracking, kinetochore binding, and MT lattice association [7, 19, 28] . Deletion of the MCAK CT decreases catalytic efficiency by increasing MT lattice association and reducing tubulin dissociation [26] . With the distinct structural organization and complex roles of each individual domain of MCAK, it is difficult to reconcile how a simple tail inhibition model could act to modulate MCAK activity.
Previous studies showed that the NT and the CT coordinate to regulate MCAK MT depolymerization activity [23] , as well as MCAK localization to kinetochores and to plus tips of MTs [7, 29] . It was interesting to then speculate that MCAK perhaps uses its nonmotor domains to modulate both its catalytic and physiological activities in cells. Here, we describe the development of the first Fö rster resonance energy transfer (FRET) biosensor for the kinesin-13 MCAK that detects conformational changes in the MCAK molecule during catalysis. Our studies show that kinesin-13s use a novel conformational regulatory mechanism to tightly control their MT depolymerization activity.
Results

A FRET Reporter Reveals that MCAK Exists in a Closed Conformation in Solution
To test the hypothesis that MCAK MT depolymerization activity might be regulated by conformational changes within the protein, we designed FRET reporters of full-length MCAK (FMCAK) and MCAK with different domain deletions ( Figure 1A) . Addition of the mCitrine and mCerulean fluorophores did not alter the relative MT depolymerization activities of the proteins (see Figure S1A available online) or the ability of FMCAK to rescue spindle assembly in extracts ( Figure S1B ) [23] . To analyze the ability of the constructs to exhibit a FRET signal, we excited each of the FRET reporters and recorded their emission spectrum. No FRET signal resulted from mCerulean alone or mCerulean and mCitrine combined ( Figure 1B) . However, the FRET control protein (FCP, mCitrine fused to mCerulean) displayed positive FRET. FMCAK, FMDNT, and FMDCT exhibited varying levels of FRET, with FMDNT having the highest FRET signal and FMCAK's signal being slightly lower ( Figure 1C ). This increased FRET emission was not due to excitation of the acceptor, as addition of a molar excess of mCitrine to either FCP or FMCAK did not increase the 525 nm emission ( Figure S1C ). In addition, the increased FRET emission was not due to intermolecular FRET, because there was no FRET signal when mCit-MCAK was combined with MCAK-mCer ( Figure S1D ). These results suggest that the NT and neck are in close proximity to the CT and that removal of the CT reduces FRET, showing that the CT is needed for the high FRET conformation. Because high FRET indicates that the NT and CT are in close proximity, whereas low FRET indicates that they are further apart, we define the high FRET conformation as ''closed'' and the low FRET conformation as ''open'' to define two distinct conformations of the molecule. However, the structural arrangement of the domains and the magnitude of the differences in conformation between these two states cannot be specifically assessed by this methodology.
The closed conformation of MCAK could be modulated by an interaction between the CT and the NT, neck, or catalytic domain. To test this idea, we performed pull-down experiments in which the MCAK CT was fused to GST (GST-CT) and incubated with GFP-tagged derivatives of MCAK containing variations of the NT, neck, and catalytic domain ( Figure 1A ) [21, 23] . All three GFP-tagged MCAK deletion proteins were pulled down with GST-CT, whereas the GFP control protein was not ( Figures 1D and 1E ). These results support the idea that the high FRET MCAK conformation is minimally mediated through a direct interaction between the CT and the catalytic domain.
Aurora B Phosphorylation Induces a Conformational Change in MCAK by Disrupting the Interaction between Domains Aurora B phosphorylation at S196 in the MCAK neck domain inhibits its MT depolymerization activity and thus could regulate MCAK by changing its conformation. Because MCAK has multiple Aurora B phosphorylation sites in the NT, we chose to use FMDNT, which eliminates the majority of these sites but retains the key regulatory site at S196 ( Figure S2A ) [2] [3] [4] . We treated FMDNT with purified Aurora B/INCENP (Aur B) and measured FRET. Aurora B phosphorylation significantly reduced the FRET emission of FMDNT (Figure 2A ) and the (B and C) Purified protein was excited at 433 nm, the emission spectra were recorded from 445 to 600 nm, and the average emission spectrum was graphed from three independent experiments. (D) 10% SDS-PAGE Coomassie-stained gel of the input and bound fractions of a representative glutathione pull-down assay in which GST-CT or GST alone was incubated with control GFP, GMDCT, GMD, or GCD. MW, molecular weight markers. Input, protein input. (E) Quantification of three independent pull-down experiments. Average pmol 6 SEM of MCAK proteins bound to GST-CT is graphed.
FRET ratio of FMCAK and FMDCT but had no effect on FCP ( Figure S2B ). Inhibition required Aurora B catalytic activity, because inclusion of the Aurora B inhibitor hesperadin in the phosphorylation reaction blocked the changes in FRET (Figure 2A ; Figure S2B ). Aurora B-dependent inhibition of FRET was also significantly diminished in FMDNT(S196A) ( Figures  2B and 2C ), suggesting that this site is required for the conformational change.
To determine whether MCAK phosphorylation also disrupts the interaction between MCAK domains, we repeated the pull-down experiments with Aurora B-phosphorylated MCAK truncation proteins. Aurora B phosphorylation significantly reduced the binding of GST-CT to GMD ( Figure 2D S2D ), demonstrating that phosphorylation of S196 within the neck is critical for this interaction. Together, our data support the model that Aurora B regulates MCAK activity by disrupting an interaction between the catalytic domain and the CT that is dependent on the neck, and this regulation correlates with a conformational change in MCAK.
MCAK Binds MT Ends in a More ''Closed'' Conformation
Relative to the Lattice If MCAK activity is regulated by conformational changes, then MCAK conformation should change upon binding to its substrates and may bind MT ends and lattice differentially. To test this idea, we developed a plate-based assay in which we calculated the FRET ratio of fluorescence intensity (I F /I D ) at the peak emission wavelengths of the acceptor (I F ) and the donor (I D ) fluorophores (Figure S2B) in the presence of increasing concentrations of MTs. We found a MT concentration-dependent decrease in FMCAK FRET ratio (p < 0.001), in contrast to the control proteins that showed no dose-dependent effect ( Figure 3A ). Because the MCAK catalytic cycle model predicts that MCAK dissociates from tubulin dimers at the end of its catalytic cycle, we also asked whether tubulin dimers affected MCAK conformation. Similar to that seen with MTs, increasing concentrations of tubulin dimers caused a decrease in the FRET ratio (p < 0.001) ( Figure 3B ), indicating that MCAK binding to free tubulin dimers also causes conformational changes in MCAK.
The above results are consistent with the idea that MCAK changes conformation during its catalytic cycle, but they do not indicate where on the MT these changes occur. To address this more directly, we utilized fluorescence lifetime imaging (FLIM) to measure the corresponding mCerulean lifetimes of FMCAK bound to MTs (Table S1) . If FRET occurs, the lifetime will shift to smaller values due to energy transfer from the donor to acceptor. When bound to MTs, FMCAK had a smaller lifetime (1.76 ns) relative to control MCAK-mCer (2.00 ns, p < 0.0001) ( Figures 3C and 3E ). There was no difference in the lifetime of MCAK-mCer at the ends (1.99 ns) versus the lattice (2.01 ns, p = 0.12) ( Figure 3D ). In contrast, FMCAK had a shorter lifetime at the ends (1.73 ns) relative to the lattice (1.78 ns, p < 0.0001) ( Figure 3E ), consistent with the idea that MCAK bound to the MT ends is in a more ''closed'' conformation relative to MCAK bound to the MT lattice.
To rule out the possibility that intermolecular interactions occur at MT ends due to the enrichment of MCAK, we carried out FLIM imaging of mCit-MCAK combined with MCAK-mCer. The lifetime of mCit-MCAK + MCAK-mCer on MTs (1.90 ns) was indistinguishable from MCAK-mCer alone (1.91 ns, p = 0.47) but was significantly higher than that of FMCAK (1.76 ns, p < 0.0001) ( Figures S3A and S3B ). There was a slight decrease in the lifetime of mCit-MCAK + MCAK-mCer at MT ends (1.88 ns) versus the MT lattice (1.92 ns, p < 0.0001) (Figure S3C ), but these lifetimes were still significantly higher than that of FMCAK at MT ends (1.74 ns, p < 0.0001). As a further control to demonstrate that the reduced lifetimes were not due to clusters of MCAK on the MT, we found no correlation between the lifetimes and the corresponding mCerulean photon counts (Figures S3E), suggesting that the changes in lifetime of FMCAK at MT ends represent MCAK being in a more ''closed'' conformation.
Aurora B Phosphorylation Opens the Conformation of MCAK on MT Ends and Lattice and Reduces Its Binding to the MT
Because Aurora B phosphorylation caused MCAK to shift conformation in solution, we asked how phosphorylation affected MCAK on the MT. Aurora B phosphorylation had no effect on the overall lifetime of control MCAK-mCer (2.02 ns, p = 0.070), nor were there any differences in lifetime of MCAK-mCer at the MT ends (2.01 ns) or lattice (2.03 ns, p = 0.14) (Figures 4A and 4B ; Table S1 ). In contrast, phosphorylation of MCAK by Aurora B caused a higher overall lifetime of FMCAK on MTs (1.86 ns, p < 0.0001) ( Figures 4C and 4D ). Phosphorylated MCAK had higher lifetimes on both the ends (1.83 ns) and the lattice (1.89 ns) relative to nonphosphorylated MCAK, which were statistically different from each other (p < 0.001). FMCAK(S196A) displayed a smaller lifetime than FMCAK (1.64 ns, p < 0.0001) and had smaller lifetimes at MT ends (1.69 ns) relative to the lattice (1.71 ns, p < 0.0001), consistent with the differences we see with FMCAK. The smaller lifetime of FMCAK(S196A) relative to FMCAK is consistent with our previous finding that MCAK is partially phosphorylated upon purification from insect cells [3] .
If Aurora B inhibits MCAK MT depolymerization activity through S196 by conformational regulation, then we would expect the S196A mutation to abrogate the Aurora B reduction in FRET not only in solution but also on the MT by FLIM. Indeed, FMCAK(S196A) had a smaller change in lifetime upon Aurora B phosphorylation compared to FMCAK, consistent with the change in solution (Figures 4E and 4F) . The difference in lifetime of nonphosphorylated (1.64 ns) and phosphorylated FMCAK(S196A) (1.70 ns) was statistically significant (p < 0.0001), consistent with the idea that Aurora B is also modulating the conformation of MCAK through other sites or mechanisms.
When analyzing the FLIM images, we noticed that Aurora B phosphorylation caused a significant reduction in FMCAK bound to the MT ( Figure 4C ). To measure this effect, we used a custom-built MATLAB algorithm to quantify FMCAK bound to the MTs in the absence or presence of Aurora B ( Figures  S3F and S3G) . We found that Aurora B phosphorylation reduced the percentage of MTs with FMCAK bound (p < 0.01), which was dependent on S196 phosphorylation. Of the MTs with bound MCAK, Aurora B phosphorylation reduced both FMCAK and FMCAK(S196A) binding to the lattice (p < 0.01), but there was no effect on the ends. This indicates that S196 is not the only site that contributes to this effect. We also used bulk sedimentation assays to show that the amount of FMCAK bound to MTs at saturating MT concentrations was reduced with Aurora B phosphorylation ( Figures S3H and S3I) . Together, these results show that MCAK binds MT ends in a more ''closed'' conformation relative to the lattice and that phosphorylated MCAK cannot bind to the MT lattice as well and maintains a more ''open'' conformation when bound to the MT. that MCAK on rate to the MT is facilitated by the charged residues in the neck and is key for efficient flux to the MT end [26] . Thus, we hypothesized that phosphorylation in the neck might affect the on rate of MCAK by neutralizing the positive charge in the neck. To test this idea, we performed single-molecule total internal reflection fluorescence (TIRF) microscopy of nonphosphorylated and phosphorylated GFP-tagged MCAK containing aa 187-730 (GMDNT). We used this construct because only the S196 site that regulates MT depolymerization activity is retained in this region (Figure 5) . Two-step bleaching analyses showed that single Note that the control data sets (2Aur B) for both MCAK-mCer and FMCAK are the same data sets used for the analysis of Figure 3 . Number of spots can be found in Table S1 . dimers of GMDNT were imaged (Figure S4A) . Furthermore, the intensity distribution of the molecules did not change with the addition of Aurora B ( Figures S4B and S4C) , supporting the idea that Aurora B does not simply prevent clustering of MCAK molecules on MTs. Surprisingly, there were no differences in the on rates between ends and lattice, and phosphorylation had no effect on the on rates (Table  S2) . MCAK mean square displacement analysis on the lattice and ends showed that there is very little if any 1D diffusion on the MT ends independent of condition, which might be expected for the constrained location of the MT end and could be indicative of a specific conformation of MCAK ( Figures 5B and 5E ). 1D diffusion on the lattice was dramatically higher than on the MT ends for all conditions. While neutralization of the neck by amino acid substitution did not affect the 1D diffusion of MCAK [26] , Aurora B phosphorylation of GMDNT increased the 1D diffusion on the lattice by 1.7-fold, but not the 1D diffusion of GMDNT(S196A) (Figures S5A and S5B ). This suggests that the more ''open'' conformation induced by Aurora B phosphorylation at S196 may result in a looser association to the MT lattice.
Because the MCAK on rate to the MT was not affected by phosphorylation, there could be an increase in the MT off rate of phosphorylated MCAK to account for the decreased binding in the FLIM and MT pelleting assays. Interestingly, the dwell times of MCAK on the MT ends and lattice fit a two-phase exponential decay better than a one-phase as assessed by residual plots and nonlinear plots of the transformed data (Figures 5B-5E ; Figures S5C-S5H ). This illustrates that there are two populations of binding events on both the lattice and the ends with distinct off rates. For MT ends, the slow off rate (k S ) of GMDNT was not statistically different from GMDNT with Aurora B, GMDNT(S196A), or GMDNT(S196A) with Aurora B, indicating that this population is not affected by Aurora B phosphorylation (Figures 5B-5E ; Table S2 ). Similarly, the fast off rates (k F ) of GMDNT and GMDNT(S196A) were not statistically different from the fast off rates with Aurora B. These findings are consistent with the FLIM binding analysis in which Aurora B phosphorylation did not affect FMCAK binding to MT ends.
For the MT lattice, Aurora B phosphorylation of GMDNT increased the slow off rate 1.3-fold relative to ) and 9 s of the corresponding 60 s kymograph generated from that data (right). MTs were identified from an overlay of the MTs on the GMDNT movie by drawing a segmented line through the MT (not shown) followed by marking of the MT ends (yellow circles). Events were identified manually by placing a dot (green circle) on the first appearance of GMDNT and a dot (red circle) on the last frame of the event. This allowed the identification of events that were within one to two pixels of one another. Single-frame events resulted in the placement of start and stop dots on top of one another. Note that because this is a partial kymograph, three spots persisted beyond this image and are not marked with a red circle. (B-E) TIRF imaging of GMDNT (B and C) or GMDNT(S196A) (D and E) in the absence (B and D) or presence (C and E) of Aurora B/INCENP (Aur B). Mean square displacements 6 SEM (left) for the MT ends (gray) and the lattice (black) were calculated from the analysis of thousands of events per condition and plotted versus the lag time. A linear regression was fit to the data without constraining the y intercept to zero. Diffusion coefficients were determined from the slope of the linear regression divided by two and are indicated. The dwell-time histograms from MT end events (middle, gray) and lattice events (right, black) are graphed with the best-fit two-phase exponential decay curve from which the corresponding fast (k F ) and slow (k S ) dissociation rates are indicated. nonphosphorylated GMDNT (p < 0.001) (Figures 5B and 5C ; Table S2 ). In contrast, phosphorylation of GMDNT(S196A) did not change the slow off rate (p = 0.79), consistent with an S196-dependent mechanism (Figures 5D and 5E ; Table S2 ). Aurora B phosphorylation increased the fast off rate of both GMDNT and GMDNT(S196A) (p < 0.0001), suggesting an S196-independent mechanism. These results are consistent with our FLIM MT binding analysis where we saw both S196-dependent and -independent mechanisms.
Aurora B Phosphorylation Reduces the Affinity of MCAK for Tubulin Dimers
The final part of the MCAK catalytic cycle requires that MCAK be dissociated from tubulin dimers. One possibility is that phosphorylated MCAK could have an increased affinity for tubulin dimers, which would slow the recycling step and reduce the overall amount of MT depolymerization. Alternatively, phosphorylated MCAK might have a decreased affinity for tubulin dimers, indicative of its reduced binding to MTs seen in the FLIM and TIRF imaging. We used microscale thermophoresis to measure the K d of the interaction between GMDNT and tubulin with or without Aurora B (Figure 6 ). We found a 16-fold increase in the K d of Aurora B-phosphorylated GMDNT for tubulin dimers relative to nonphosphorylated GMDNT, consistent with the idea that Aurora B phosphorylation reduces the overall affinity of MCAK for its substrates by changing its conformation.
Discussion
Here we have developed the first biosensor for the nonconventional kinesin family member MCAK. We detected conformational changes between the MCAK CT and neck domains, which are controlled by Aurora B phosphorylation. Evidence is mounting that conformational changes are an effective way to modulate kinesin activity [11] . Most kinesins exist in a closed state in solution [8, 14, 30] , in which the tail folds back and inhibits MT-stimulated ATPase activity [8] [9] [10] . This autoinhibition is postulated to ensure that kinesins are only active for motility when bound to cargo. Previous studies suggest that MCAK might also undergo some type of conformational regulation to regulate its activities [23] . Structural studies support this idea because in the crystal structure, the orientation of the neck is either angled down perpendicular to the longitudinal axis of the MT within close proximity to where the CT extends from the catalytic domain ( Figures  S6A and S6B ) or points back toward the minus end at a significant distance from where the CT exits the catalytic domain ( Figure S6C ), consistent with this domain being flexible [27] . The absence of the CT in these crystallized proteins could contribute to the observed flexibility of the neck, if interaction with the negatively charged CT regions stabilizes the orientation of the positively charged neck ( Figure S6D) . Consistent with this model, deletion or neutralization of the positive charges within the predicted neck coiled coil disrupts MCAK MT depolymerization activity [24, 25] . From our work, we propose that the CT interacts tightly with the neck and that this interaction is regulated by Aurora B phosphorylation, which serves as a critical mediator of MCAK activity.
MCAK catalytic activity is distinct from that of other kinesins. For most kinesins, product release is the rate-limiting step for ATP turnover [31] . For MCAK, ATP cleavage is the rate-limiting step, and MCAK is predominantly ATP bound in solution [20] . MCAK ATPase activity is stimulated by the MT lattice [19] [20] [21] 32 ], but its ATPase activity is maximally activated by MT ends where it achieves a tightly bound state needed for MT depolymerization [17, 20] . Wagenbach et al. have proposed that there are two transition states that MCAK goes through for MT depolymerization prior to ATP hydrolysis: high-affinity end binding and tubulin detachment from the MT [33] . The MCAK conformational changes that we show in this study likely correlate with these different nucleotide and MT binding states ( Figure 7A ). We propose that in solution, MCAK is ATP bound and in a ''closed'' conformation. Binding to the MT lattice correlates with a conformational change that ''opens'' MCAK relative to MCAK in solution, and this ''open'' conformation would be the posthydrolysis ADP-Pi state that is competent for 1D diffusion. This idea is consistent with the finding that MCAK has lattice-stimulated ATPase activity [19] , with our results showing that increasing amounts of MTs decrease the FRET ratio, and that MCAK has a larger fluorescence lifetime when bound to the lattice relative to the MT end. Upon reaching the MT end, there is rapid exchange of ADP for ATP [20] , which forms the high-affinity prehydrolysis end-binding state that detaches a tubulin dimer from the MT. Our data showing that MCAK at the MT end is more ''closed'' relative to MCAK bound to the MT lattice are consistent with the idea that ATP-bound MCAK forms the high-affinity end-binding state, which is in a ''closed'' conformation. This argues that unlike conventional kinesin, the active MCAK conformation is ''closed'' rather than ''open.'' Upon release of the MCAKtubulin complex from the MT, ATP is hydrolyzed, concomitant with an additional MCAK conformational change to a more ''open'' conformation, supporting the idea that conformational changes are coordinated with the MCAK catalytic cycle. MCAK is then recycled upon dissociation from tubulin dimers, which is associated with a change to the ''closed'' conformation. This mechanism would also explain why the CT is necessary for efficient recycling, because it plays an important role in the conformational changes of MCAK.
This proposed mechanism also explains how the observed changes in conformation mediated by Aurora B phosphorylation would be effective in modulating MCAK catalytic activity ( Figure 7B ). Aurora B phosphorylation converts MCAK from a ''closed'' to ''open'' conformation. Because MCAK associated with the lattice is normally ''open,'' phosphorylated MCAK might be expected to have higher 1D diffusion. Indeed, we found that phosphorylated MCAK has increased 1D diffusion relative to nonphosphorylated MCAK and is dependent on S196 phosphorylation. However, by shifting MCAK to this ''open'' conformation, we speculate that phosphorylation prevents MCAK from forming the high-affinity ''closed'' state at MT ends, which is the key active conformation for inducing MT depolymerization. This idea is consistent with our finding that Aurora B phosphorylation increases the fluorescence lifetime of MCAK on MT ends in addition to the lattice. The finding that the affinity for tubulin dimers is significantly reduced when MCAK is phosphorylated suggests that the conversion from an ''open'' to a ''closed'' state must occur after release of MCAK from tubulin dimers, which is when ATP exchange occurs in solution. Thus, unlike conventional kinesin, which goes from a closed, autoinhibited state in solution to an open, active state when transporting cargo, MCAK must go through multiple conformations within a single catalytic cycle. Thus, the MCAK conformational cycle is uniquely tuned to ensure that MCAK is an effective MT depolymerase. This illustrates a novel mechanism by which conformation can regulate the activity of kinesin family members.
We also found a modest effect of Aurora B phosphorylation on MCAK MT lattice 1D diffusion. Previous studies have reported widely different values for the 1D diffusion rates [18, 26] in which our values are more consistent with those of Cooper et al. [26] , who used similar ionic strength buffers and tubulin source. Our reported values for 1D diffusion and those of Cooper et al. [26] are likely too low to account for a physiological important mechanism by which MCAK reaches the MT end. Instead, we favor the idea that the Aurora B-induced increase in 1D diffusion represents the ability of conformational changes in MCAK to regulate its MT affinity.
MCAK is a potent MT depolymerase and therefore requires a mechanism to restrain its activity in cells. The differential regulation of MCAK conformation relative to that of other kinesins may be specifically adapted for the fine-tuned regulation that MCAK must undergo to precisely control MT dynamics under very rapid timescales. It is perhaps surprising that Aurora B effects on MCAK MT behavior were modest in magnitude, but we should consider how Aurora B modulates kinetochore-MT interactions. MCAK is important for preventing or correcting improper kinetochore-MT attachments [34] , and it was attractive to speculate that MCAK might be the major Aurora B downstream target in error correction [2, 3, 35] . However, inhibition of MCAK only moderately affects the stabilization of K fiber MT dynamics [36, 37] relative to the very large stabilization caused by inhibiting Aurora B [38] and has no effect on the correction of syntelic attachments during mitosis [39] . It is more likely that Aurora B acts through the Ndc80 complex to facilitate MT detachment for error correction [40, 41] and uses MCAK to strengthen or weaken these attachments to modulate the system. This is consistent with MCAK facilitating chromosome movement by weakening kinetochore attachments, which may indirectly aid in error correction by changing the MT attachment status within a K fiber bundle [37] .
Aurora B additionally regulates MCAK by controlling its subcellular targeting. Phosphorylation is required to target MCAK to kinetochores, where Aurora B modulates MCAK turnover kinetics [2, 3, 35] . The NT of MCAK, which contains many of the Aurora B phosphorylation sites, is sufficient for kinetochore targeting [42] , but both the NT and the CT are needed for efficient localization [23, 28, 35] , suggesting that conformational regulation may also play an important role in subcellular targeting. We propose that kinesin-13s target to their respective cellular locations in the ''closed'' state, wherein they are locally regulated through phosphorylation or protein-protein interactions that may alter conformation. Together, these studies suggest that MCAK conformation may act like a rheostat to finely tune its activity and to provide a mechanism to adjust rapidly to cellular needs for changing MT dynamics. An important future direction will be to take advantage of these FRET reporters to understand the conformational state of MCAK at distinct locales and to measure the dynamic changes in MCAK conformation that are associated with its regulated activity. Phosphorylated MCAK is still competent to bind the MT lattice, but with reduced affinity, and exhibits increased 1D diffusion. Phosphorylated MCAK cannot achieve the high-affinity MT end binding conformation and thus more rapidly dissociates from the MT end, inhibiting MT depolymerization. Any phosphorylated MCAK molecules in association with tubulin dimers are rapidly released due to its lowered affinity for tubulin dimers.
